The models differ by more than a factor of 5 for specific times and locations, which indicates that there are large uncertainties in emission estimates for at least some locations and seasons. The good agreement obtained for the EXPRESSO study field sites, however, suggests that the model can predict reasonable estimates if representative field measurements are used to parameterize the model.
Introduction
The chemical composition of the atmosphere is an important component of the global environment and observed trends in trace gas concentrations demonstrate that it is changing rapidly [Brasseur et al., 1998 ]. Surface emissions have a major role in determining atmospheric trace gas concentrations, and an understanding of the processes controlling emissions is needed to predict future chemical composition. The biogenic emission of isoprene from the leaves of some plant species has been shown to have a strong influence on atmospheric chemistry in regions as diverse as the remote Amazon Basin [Jacob and Wofsy, 1988] and the highly populated eastern United States [Pierce et al., 1998 ].
Isoprene oxidation influences OH and ozone concentrations, has a significant role in CO production, the formation of organic acids, and the photochemical conversion of Atmospheric Chemistry/Global Emissions Inventory Activity (IGAC/GEIA) program. This effort involved experts specializing in many different aspects of biogenic emission modeling. The IGAC-GEIA group produced a model for estimating emissions using the limited data that were available. The model predicted that over 90% of the global annual nonmethane VOC emission is produced by vegetation and that isoprene contributes about half of the global total, making it the single largest VOC emission into the atmosphere [Guenther et al., 1995] .
The initial IGAC-GEIA natural VOC model estimated monthly average isoprene emissions on a 0.5 ø latitude X 0.5 ø longitude global grid as a/'unction of foliar density, an emission capacity (the emission at specified environmental conditions), and an emission activity factor that accounted for variations due to environmental conditions [Guenther et al., 1995] . Foliar density was based on a simple model constrained by the global estimates of Box [1981 ] . Emission activity was calculated using algorithms that were based on results from greenhouse-grown North American plant species. Isoprene emission capacities were based on field measurements reported in 20 publications. Eighty percent of these field measurement studies were conducted in North America or Europe, which together contribute only 12% of the global isoprene flux. Conversely, South America and Africa accounted for almost two thirds of the global total but were represented by only one study in South America. Guenther et al.
[1995] reported a strong need for measurements from these continents, particularly in the tropics. biogenic VOC emissions at 50% of the IGAC-GEIA database.
The distributions of ozone, CO, NO•, peroxymethacrylyl nitrate (MPAN), OH, H202, HO2, and other compounds predicted by IMAGES were sensitive to the magnitude of biogenic VOC emissions. As expected, the change in the predicted concentration distributions is greatest near terrestrial surfaces where biogenic VOC are emitted. OH concentrations near the surface decrease (and HO2 and H202 increase) by 30 to 90% when biogenic VOC are included in IMAGES (compared to the no-biogenic VOC case). As a result, the model predicts that the lifetime of isoprene, or any other compound that exists primarily in the atmospheric boundary layer above terrestrial surfaces and is primarily removed by OH, increases by a factor of 5 when biogenic VOC are included. A/'actor of 2 reduction in biogenic VOC emissions decreases the lifetime of isoprene by a/'actor of 1.6. Plate 1 illustrates the model prediction of a substantial decrease (10 to 20%) in OH concentrations at altitudes between 7 and 12 km in the tropics when biogenic VOC emissions are added. This is important because it demonstrates that changes in biogenic VOC emissions could influence the litetimes of longerlived compounds such as methane. The predicted decreased OH at high altitudes apparently results from an increase in NO, (Plate 1) due to the transport of MPAN into this region. The predicted increased formation and transport of MPAN is a result of increased biogenic VOC concentrations in the boundary layer. [Guenther et al., 1995] . The need for observations in Africa, which had received the least attention of any of these five regions, was an important motivation for the EXPRESSO study.
There are significant changes in the distribution of chemical constituents, such as ozone, predicted for a factor of 2 change in isoprene emission, which is similar to the level of uncertainty associated with current emission estimates. The changes are greatest in the atmospheric boundary layer above terrestrial surfaces, where the model predicts that a factor of 2 increase in isoprene emission results in a 10 to 20% decrease in OH, a 15 to 35% increase in H202, and a 5 to 15% increase in 03. The model also predicts that this factor of 2 increase in isoprene emission results in a 6 to 10% increase in CO throughout the Southern Hemisphere (up to 18 km above ground level), and a 5 to 15% decrease in OH at heights between 7 and 14 km above ground level in the tropics. We recognize that there are other major uncertainties associated with global CTM predictions of trace gas distributions, but this analysis suggests that biogenic VOC emission estimates are a significant contributor to the overall uncertainty.
Emission Model Description
Isoprene emissions were estimated using the Global Biosphere Emissions and Interactions System (GLOBEIS). GLOBEIS is a flexible modeling flamework that estimates foliar Previous studies [e.g., Guenther et ai.. 1994, 1996; Klinger et a/., 1998] defined an isoprene emission capacity lalso called emission potential or basal emission rate) as the isoprene emission rate that occurs when a leaf is exposed to specified PPFD and leaf temperature conditions. As is discussed below, we now recognize the need to account for other factors, such as leaf age and the degree to which the leaf is temperature and shade-adapted. Th, is has been accomplished by introducing an additional emission activity factor, ¾A, which accounts for leaf age, and by modifying the algorithms used to account for environmental conditions by including past and current conditions. The result is that the emission capacity reported by previous studies is not directly comparable with the emission capacity used for this study. Table 1 . If all species have an equal probability of being an isoprene emitter, then we would expect that areas with a high species diversity would have values more similar to the overall average percentage of isoprene emitters (about 30% for woody plants) than areas with low species diversity. For example, if a single plant species comprises 80% of the foliage in a landscape, then the percentage of isoprene emitters in that landscape will be less than 20% if that species is not an isoprene emitter and greater than 80% if that species is an isoprene emitter. The emission surveys shown in Table 1 indicate that landscapes with high species diversity have a factor of 2 range (10% to 22%) in the abundance of isoprene emitters, AD•, represents the foliage change (increase or decrease) during the month. We assume that the changing foliage still has some mature leaves and so assign A• a value of 0.33. We expect A 2 to be slightly less than 1 in most landscapes, because of the continuous presence of at least a few young or old leaves, and assign a value of 0.95. These coefficients are expected to vary among landscapes, but there are no data available for developing these relationships.
Diurnal Variations
Diurnal variations in escape efficiency p and emission activity factors Jr and •,p are estimated for each location in the model domain. The escape efficiency is the ratio of the canopy emission rate to the above canopy flux. We use the model of Jacob and Bakwin [19911 which predicts p as a function of the deposition and canopy ventilation rates. We assume that the canopy ventilation rate is proportional to the mean wind speed within the canopy. Our estimate of deposition rate is based on observations of microbial consumption of isoprene in soils reported by Cleveland and Yavitt [ 19971. Guenther et al. [1993] account for the influence of PPFD using an algorithm that predicts that isoprene emission increases with increasing PPFD up to a saturation point, where emissions The annual average Dt (the fraction of the peak tbliar density present at a particular time of year) estimated by EXP96 is 14% higher than the average value estimated by EXP96. As discussed in the following section, this is primarily due to the low D 2, values predicted by G95 for rain forest landscapes. The net result of the differences in Dp and D t predicted by the two models is that the annual average foliar density estimated for the entire EXPRESSO domain by EXP96 is 26% less than that estimated by G95. The PPFD-and temperature-dependent emission activity factors ¾;, and ¾r, estimated by EXP96, are higher than the values estimated by G95. There are two /'actors that dominate the difference in predicted ¾r. The leaf energy balance model used by EXP96 predicts higher leaf temperatures than G95 in the top of the canopy where most isoprene emission occurs. Secondly, the diurnal temperature variation used for EXP96 results in higher emissions than that of G95, which used only the monthly average temperature. Because daytime temperatures are considerably higher than daily average temperatures, and due to the non-linear relationship between emissions and temperature, the lack of diurnal temperature variation results in significantly underestimated emissions. Keller and Lerdau [1999] characterized the temperature and light response of isoprene emission from leaves near the top of a tropical forest canopy in Panama. Their light response is similar to that predicted by equation (4) for an LAI < 1. They observed a relationship between temperature and isoprene emission that could be described by the algorithm of Guenther et al. [1993] by using different coefficients. They note that the original coefficients significantly underestimate isoprene emissions at high temperatures. However, our comparison of isoprene emissions estimated for central Africa using the two sets of coefficients indicates that the difference is less than 5%. This is because the coefficients suggested by Keller and Lerdau [1999] predict higher emissions at temperatures above 30øC but lower emissions at temperatures below 30øC. The use of coefficients that are dependent on the temperature of the past 15 days (equations 5b and 5c) results in a similarly small difference in estimated annual isoprene emission from this region. The annual average air temperature for the EXPRESSO domain is about 26øC and average daytime leaf temperatures are around 30øC which minimizes the influence of the temperature response algorithms which account for deviations from 30øC.
exp(-0.3 LAI),
There are four factors that contribute to the difference in estimated by EXP96: LAI, above canopy PPFD, canopy light environment model, and the numerical algorithm describing the relationship between PPFD and emission. The decreased foliage predicted by EXP96 results in a higher canopy average PPFD (i.e., lower LAI increases the fraction of the canopy that is in direct sunlight) and therefore an increased canopy average The above canopy PPFD, and fraction that is diffuse PPFD, used for EXP96 are 1996 estimates from the NCEP global model while those used for G95 were estimated with a simple model as a function of solar angle and a 30 year climatological cloud cover database. The G95 estimates predict considerably lower PPFD, particularly with clear skies.
As discussed above, the isoprene emission capacities used by the two models are not directly comparable. However, one notable difference in the methods used by the two models is that EXP96 estimates a greater area of cropland vegetation, which has a lower isoprene emission capacity. EXP96 introduces two additional factors (p and ¾A) which were not used by Guenther et al. [1995] . For the purpose of comparison, we indicate that both factors are set equal to 1 for G95. The escape efficiency factor is introduced to account for the difference in the isoprene flux from the canopy and what is released into the atmosphere above the canopy. This factor has a relatively small effect, a 5% reduction in emissions. EXP96 also introduces an emission activity factor that accounts for differences due to changes in leaf age and phenology. The addition of this factor results in a 16% decrease in emissions. probably because of decreased leaf water potential, although this was not measured during the experiment. It is also interesting to note that CO2 fluxes were considerably less in March, than in November, which is expected if stomatal conductance were lower and leaf temperature higher. This is because, for conditions typical of the tropical forest canopy, increasing leaf temperature results in increasing isoprene emission but decreasing photosynthesis. These results suggest that our leaf energy balance model should be modified to account for changes in leaf water potential.
Annual and Diurnal

Spatial Distributions
The 
Discussion and Conclusions
The task of estimating isoprene emission rates with the accuracy desired for a global CTM is challenging. A sensitivity study demonstrated that a factor of 2 decrease in biogenic VOC emissions results in 5 to 35% changes in concentrations of OH, H202, and 03 near terrestrial surfaces and 5 to 15% changes in OH and CO at heights between 7 and 14 km in the tropics. There are a number of major uncertainties associated with global CTMs, but the uncertainty in isoprene emission estimates (greater than a factor of 2) significantly contributes to the overall uncertainty associated with CTM predictions of the distributions of the trace gases that control the oxidation capacity of the atmosphere.
The isoprene emission modeling procedures described and evaluated in this paper are presented as a framework that can be improved and extended with additional measurements. These procedures are not specific tbr central Africa but are designed for global emission modeling procedures that are reasonable if model inputs for a particular region are based on reliable measurements. The results are current best estimates that can be improved as additional data are provided to improve the model parameterizations.
Characterizing the degree to which leaves are shade-adapted is important for predicting isoprene emissions. It is particularly important that we characterize these tactors when making the leaf enclosure measurements used to estimate emission capacities. The enclosure measurements of Klinger et al. tend to represent shade-adapted leaves that were briefly exposed to sunlight. The large difference between the isoprene emission capacities reported here, and those of Klinger et al. [1998] is primarily because Klinger et al. assumes that the emission capacity of shade adapted leaves is representative of the entire canopy. The influence of leaf age has a lesser impact but should be considered and efforts made to characterize the leaves used in emission enclosure studies. We recommend that measurements of mature, sun-adapted leaves be used to establish isoprene emission capacities. However, we recognize that this is not always possible and suggest that canopy depth (cumulative LAI above the measured leaf or branch) be used in equation (4) to provide a rough adjustment to the emission activity of a leaf that has not been growing in full sunlight.
A quantitative estimate of the uncertainty associated with these estimates would require more data than are currently available. Instead, it is possible to discuss the general level of uncertainty associated with these estimates such as that indicated by comparing the results of the G95 and EXP96 models. The differences shown in Table 3 Table 3 . Escape efficiency p is not likely to make a significant contribution to the uncertainty in annual isoprene estimates, although it may be important Ibr predicting diurnal variations. The uncertainty associated with foliar densities (D, and D r) is at least 50• for the annual regional total and is probably more than a factor of 3 for a specific time and location. The total uncertainty associated with emission activities and emission capacity is probably similar to or higher than the uncertainties in foliar density estimates. Future improvements in satellite remote sensing technology could significantly improve these estimates. Advances in efforts to characterize vegetation canopies, above-canopy environmental conditions, and plant physiological processes should reduce uncertainties in our estimates of emission capacity and emission activity. Investigations in temperate landscapes can improve our ability to model isoprene emission in all regions, but there is a strong need for field studies in the tropics. The results of S99 and V99 suggest that our general modeling framework is acceptable but that field measurements are needed to parameterize the model for tropical landscapes.
